Objective: Bilateral severe to profound sensorineural hearing loss is a standard criterion for cochlear implantation. Increasingly, patients are implanted in one ear and continue to use a hearing aid in the nonimplanted ear to improve abilities such as sound localization and speech understanding in noise. Patients with severe to profound hearing loss in one ear and a more moderate hearing loss in the other ear (i.e., asymmetric hearing) are not typically considered candidates for cochlear implantation. Amplification in the poorer ear is often unsuccessful because of limited benefit, restricting the patient to unilateral listening from the better ear alone. The purpose of this study was to determine whether patients with asymmetric hearing loss could benefit from cochlear implantation in the poorer ear with continued use of a hearing aid in the better ear.
Results:
The postlingual participants showed significant improvements in speech recognition after 6 mo cochlear implant use in the poorer ear. Five postlingual participants had a bimodal advantage over the hearing aid-alone condition on at least one test measure. On average, the postlingual participants had significantly improved localization with bimodal input compared with the hearing aid-alone. Only one pre/perilingual participant had open-set speech recognition with the cochlear implant. This participant had better hearing than the other two pre/perilingual participants in both the poorer and better ear. Localization abilities were not significantly different between the bimodal and hearing aid-alone conditions for the pre/perilingual participants. Mean hearing handicap ratings improved postimplant for all participants indicating perceived benefit in everyday life with the addition of the cochlear implant.
Conclusions:
Patients with asymmetric hearing loss who are not typical cochlear implant candidates can benefit from using a cochlear implant in the poorer ear with continued use of a hearing aid in the better ear. For this group of 10, the 7 postlingually deafened participants showed greater benefits with the cochlear implant than the pre/perilingual participants; however, further study is needed to determine maximum benefit for those with early onset of hearing loss.
INTRODUCTION
Current cochlear implant (CI) candidacy includes severe to profound sensorineural hearing loss in both ears and poor speech recognition in the best-aided condition. When these audiological criteria are met, cochlear implantation in at least one ear is often recommended and considered standard clinical care. A growing number of patients have received bilateral CIs to alleviate the negative effects of severe to profound hearing loss (SPHL) . Bilateral input to the auditory system enhances the potential for binaural processing, which relies on head shadow, binaural squelch, binaural summation, and localization abilities (Bronkhorst & Plomp 1988 , 1989 Colburn et al. 2006 ). Bilateral implantation, therefore, has the potential to improve speech recognition in quiet, in noise, and from a distance. In addition, bilateral implantation can improve localization of sound in the environment and reduce the overall effort expended during communication (Eapen et al. 2009; Laske et al. 2009; Litovsky et al. 2009; Noble 2010; Preece 2010 ; for reviews see Ching et al. 2007; Firszt et al. 2008; Sammeth et al. 2011) . Bilateral CI studies that include subjective assessments suggest that patient satisfaction is high (Laske et al. 2009; Noble 2010; Peters et al. 2010) , which is confirmed by clinical experience; most adults who have received bilateral implants would not return to wearing just one device. Although individual results vary, the findings in general support the use of bilateral CIs to improve hearing abilities in everyday life. Bilateral implantation in adults is now accepted as a consideration in clinical practice and has consensus support nationally (Balkany et al. 2008 ) and internationally (Offeciers et al. 2005; Craddock et al. 2008) .
Often patients who have slightly more hearing in one ear choose to receive a CI in the poorer ear and keep a hearing aid (HA) in the better ear, referred to as bimodal stimulation. In these cases, bilateral input is provided with acoustic amplification from one ear and electric stimulation from the opposite ear. As noted with bilateral implantation in adults, bimodal listening has resulted in improvements in speech recognition, localization, and everyday functional abilities (El Fata et al. 2009; Fitzpatrick et al. 2009; Potts et al. 2009 ; for reviews see Ching et al. 2007; Firszt et al. 2008; Sammeth et al. 2011) . Although participants in these studies have one ear that is "aidable," the amount of residual hearing is generally poor and may be centered at one or two low frequencies. Compared with unilateral cochlear implantation, many recipients prefer the combination of devices and describe a more natural sound quality, a balanced input, and even improvements in recognition and appraisal of music (Kong et al. 2005; Gfeller et al. 2008) .
Many patients function with noticeable asymmetry in hearing between ears, for example, SPHL in one ear but only mild to moderate, moderate, or moderate to severe hearing loss in the other. The better-hearing ear is fit with a HA, and the poorer ear often remains unaided. Typically, the poorer ear has not been 522 FIRSZT ET AL. / EAR & HEARING, VOL. 33, NO. 4, [521] [522] [523] [524] [525] [526] [527] [528] [529] [530] [531] [532] [533] considered for cochlear implantation because of the presence of a better-hearing ear. In this case, hearing input remains asymmetric, essentially unilateral to the better ear, and the ability to restore binaural processing is lost. Listening with just one ear results in poor speech understanding in noise (McLeod et al. 2008; Wie et al. 2010 ) and diminished sound localization (Humes et al. 1980; Abel et al. 1982 ) even when the good ear has normal thresholds. Those with asymmetric hearing loss, as described here, are at an even greater disadvantage, because their better ear does not have normal hearing.
The overall goal of this research is to evaluate behavioral outcomes in individuals who have asymmetric hearing loss between ears and receive a CI in the poorer ear. The present study examines speech recognition, localization, and measures of hearing handicap, both pre-and postimplant, in 10 participants. The findings begin to explore a current clinical question: that is, whether CI candidacy criteria should be expanded in the case of asymmetric hearing loss to include treatment of the ear with severe to profound hearing loss. In addition, the results begin to identify patient variables that may influence outcomes and should be considered in future studies.
MATERIALS AND METHODS
This study was approved by the Human Research Protection Office (HRPO no. 201012936) at the Washington University School of Medicine (WUSM).
Participants
Participants were 10 adults with asymmetric hearing loss between ears (i.e., SPHL in one ear and better hearing in the other) who ranged in age from 26 to 82 years, with a mean age of 53 years and SD of 24.4. A summary of each participant's hearing history is provided in Table 1. In the poorer ear, participants P1 to P3 and P7 to P10 had postlingual onset of SPHL, whereas P4 to P6 had pre/perilinguistic onset of SPHL. Participant 5's hearing loss in the poorer ear was formally identified when entering kindergarten, but she reports a possibility of congenital onset. Two of the participants with postlingual onset of SPHL (P7 and P9) and all of the pre/perilinguistic onset participants (P4-P6) had no HA experience in the poorer ear. The other participants had used a HA in the poorer ear; however, only P1 was still using a HA in the poorer ear at the time of the CI evaluation. All participants had relatively long-term HA use in the better ear, except P5 who was fit with a HA as part of the CI candidacy evaluation and P10 who was fit with a HA 11 mo before cochlear implantation. All patients reported difficulty in hearing in daily life and were referred for a CI evaluation by their audiologist or otolaryngologist. Participants were evaluated for CI candidacy by teams at three medical centers: WUSM (P1, P2, P3, P4, P7), Midwest Ear Institute, Kansas City (MEI; P5, P8, P9, P10), and University of Texas, Dallas (P6).
Each participant's audiogram before cochlear implantation is shown in Figure 1 (better ear = open triangles with dashed lines, poorer ear = open squares with dashed lines). The unaided pure-tone average (0.5, 1, 2 kHz) in the better ear for each participant ranged from 27 to 88 dB HL with a mean of 56 dB HL (SD = 21.7). The pure-tone average in the poorer ear ranged from 72 to 120 dB HL with a mean of 101 dB HL (SD = 16.1). For each participant, aided sound field threshold levels obtained in the better ear using 2 dB increments of FM tones are shown (filled triangles with solid lines) in Figure 1 . The aided, threefrequency average in the better ear ranged from 18 to 44 dB HL with a mean of 29 dB HL (SD = 9.2). The participants' amplification worn in the better ear is described in Table 1 . Recall that P1 was the only participant who wore a HA in the poorer ear at the time of the CI evaluation. Aided sound field thresholds for P1's poorer ear ranged from 22 to 56 dB HL at 0.25 to 8 kHz with a three-frequency average of 45 dB HL. Four other participants (P2, P3, P8, P10) had used a HA in the poorer ear previously but discontinued use several years earlier because of lack of benefit. An attempt to fit a HA to the poorer ear was included as part of the CI evaluation process for the participants who were not currently using a HA. Although they were willing to wear the HA during the evaluation, they all described the input as unpleasant and in some cases nonauditory.
Aided speech recognition scores were obtained during the initial CI evaluation to determine candidacy. All participants had open-set speech recognition in the better ear scoring at least 50% on either a sentence or monosyllabic word test. Only P1, P7, and P9 had any aided speech recognition in the poorer ear, scoring between 7 and 23% for monosyllabic words (P1-23%, P7-13%, P9-7%). With little or no open-set speech recognition in the poorer ear, cochlear implantation was recommended by each of the participant's CI centers. 
Speech Recognition and Localization Measures
The test battery was designed to include materials and conditions that reflect real-life listening situations, avoid ceiling and floor effects, whenever possible, and have the potential to be replicated in a clinical setting. The protocol included word and sentence measures in quiet and background noise, using either fixed or adaptive noise, with noise being either four-talker babble or restaurant noise. Consonant-vowel nucleus-consonant (CNC) monosyllabic words (Peterson & Lehiste 1962) spoken by a male talker were presented at 60 dB SPL. Hearing in noise test (HINT) sentences (Nilsson et al. 1994 ) and TIMIT sentences (Lamel et al. 1986; Dorman et al. 2005; King et al. 2012) were presented at 60 dB SPL at a +8 dB signal to noise ratio (SNR) using four-talker babble. For both measures, the sentences and noise were presented from the same loudspeaker located approximately 3 ft in front of the listener. The TIMIT sentences were also presented in quiet at 50 dB SPL. The HINT sentences are four to six words in length, are spoken clearly by a male talker, and have been used widely with CI recipients. The TIMIT sentences range from four to eight words, include both male and female talkers, a variety of regional dialects, and several speaking rates. Compared with the HINT sentences, the TIMIT sentences are more difficult as well as more representative of real-life listening situations because of the variety of speakers and lack of predictability.
The R-SPACE TM (Revit et al. 2002; Compton-Conley et al. 2004 ) is a laboratory sound system designed to reproduce real-world noise conditions. The listener was surrounded by eight loudspeakers from which recorded restaurant noise was presented (i.e., dishes clanking, people talking) at a fixed level of 60 dB SPL. The long-term spectrum of the restaurant noise was similar to the speech-shaped noise from the original HINT (Compton-Conley et al. 2004 ). The HINT sentences were presented from 0 degree azimuth at a level that was varied in an adaptive manner resulting in a reception threshold for sentences, which represented the SNR for 50% accuracy. The adaptive procedure began with the first of 20 sentences administered at +12 dB SNR (72 dB SPL) and followed the adaptive procedure outlined in the HINT Manual (Nilsson et al. 1994 ). If the first sentence was not understood correctly, the sentence was repeated at a higher (easier) SNR until the participant correctly repeated the sentence. If a participant was incorrect at the highest SNR, the list was scored at floor level (+22 dB). Once the first sentence was correct in its entirety, the SNR for the next sentence was decreased by 4 dB. Throughout the test, the SNR was decreased (made more difficult) after each sentence that was repeated correctly and increased (made easier) after each incorrect response. The step size was 4 dB for the first 4 sentences and 2 dB for the last 16 sentences. The presentation SNR was determined for what would be the 21st sentence and included in the final score calculation. The SNR values obtained using 2 dB step sizes (sentences 5-21) were averaged to obtain an SNR-50.
To assess localization, monosyllabic words were presented randomly from a 15 loudspeaker array at a roved 60 dB SPL (±3 dB) level. Loudspeakers were arranged in an arc, 10 degrees apart, with 10 active and 5 inactive speakers. The participant was positioned approximately 3 ft in front of the central loudspeaker. Ten words were presented from each of the active loudspeakers. Although words were used as the stimuli, the participant was not asked to repeat the word, but only to identify the speaker location for each presentation. A root mean square (RMS) error was calculated for each test condition. The RMS error was the mean difference in degrees between the location of the sound source and the source identified by the participant. The formula calculated the square of the difference between the location and the sound source for each trial. These values were summed and divided by the number of trials (100). The square root of that number resulted in the RMS error for the respective test condition.
All testing was performed at WUSM for P1, P2, P3, P4, P6, and P7. The other participants (P5, P8, P9, and P10) were tested at MEI except for a single session (postimplant) in which localization and R-SPACE testing was performed at WUSM. Test conditions and lists (two for each test) were pseudorandomized for each participant and each test interval. All testing was conducted in a sound booth and one individual calibrated the test stimuli to ensure consistency between both centers and uniform calibration of the SPL of the stimuli.
Test Intervals and Device Fitting Procedures
Participants were evaluated preimplant and will be followed at several intervals postimplant; here we report data for the preimplant and 6 mo postimplant test sessions for all participants as well as 12 mo results for the three pre/perilingual participants. (Twelve month results are not yet available for all postlingual participants.) The results are presented for the better ear alone, poorer ear alone, and in the participants' everyday listening condition. Preimplant, all participants used their own HA for testing the better ear. Participants 2 to 10 used a clinic-owned HA for testing the poorer ear, and P1 used her own HA. The preimplant everyday listening condition for P1 was bilateral HAs. For the remaining participants, the preimplant everyday listening condition was a HA in the better ear alone. Postimplant, all participants continued using their own HA for testing the better ear, the CI for testing the poorer ear, and the two together (bimodal) for the everyday listening condition. Table 2 provides a summary of the devices used at the preimplant and postimplant test intervals. Testing the poorer ear alone was always conducted with the better ear blocked (EAR foam plug and Howard Leight Hearing Protection earmuff). Before testing, standard American National Standards Institute S3.22-1996 electroacoustic assessment was used to ensure proper HA function. The HA fittings were verified to meet National Acoustic Laboratories targets using the Audioscan Verifit system for 60 or 65 dB input. Fitting parameters were adjusted to provide audibility for soft speech (55 dB SPL) and comfort for loud sounds (75 dB SPL). Tolerance and comfort issues limited the amount of gain that could be provided in the high frequencies for some patients.
In the implanted ear, each participant's speech processor was programmed by an experienced CI audiologist. A variety of programming parameters were adjusted after the initial activation to ensure optimal speech understanding in everyday life. Participants wore their preferred speech processor program and settings for all testing. Table 3 shows the implant type and programming parameters used by each participant. All except two of the participants used a Nucleus device (Contour Advance or 512). Participant 4 used the Advanced Bionics 90K and P5 the Med-El Sonata 100. Each participant had three-dimensional reconstructions of spiral computed tomography scans (Skinner et al. 2007 ) that confirmed full electrode array insertion within the cochlea.
Participant Rating of Hearing Disability
In addition to the speech recognition measures, the Speech, Spatial, and Qualities of Hearing Scale (SSQ; ) was administered at the pre-and postimplant intervals. This questionnaire assesses hearing disability as rated by the participant, includes a broad range of domains, and reflects the individual's perception of functioning in realworld situations. Section I (Hearing of speech) probes speech recognition in a variety of sound environments with varying degrees of talker visibility. Section II (Spatial hearing) examines three components of spatial hearing, sound direction, distance, and movement. Section III (Qualities of sound) considers segregation of sounds, naturalness, and listening effort. When answering the questions, either preimplant or postimplant, all participants were instructed to consider their everyday listening condition (Table 2) .
Data Analysis
Several comparisons were of interest. First, to evaluate changes in the poorer ear after receiving an implant, scores preimplant with a HA were compared with scores postimplant with a CI. Second, to evaluate the effect of adding a CI, the everyday listening condition preimplant (either one or two hearing aids) was compared with the everyday listening condition postimplant (bimodal). Last, the HA-alone condition (better ear) was compared with the bimodal condition at postimplant intervals. Paired t tests were used for comparisons with group postlingual participant data. A binomial model (Thornton & Raffin 1978; Carney & Schlauch 2007) was used for individual CNC, HINT, and TIMIT data with significant differences defined as those at the 0.05 level. For individual HINT sentence scores presented in the R-SPACE, a critical difference of 1.4 dB based on the 95% confidence interval was used (Compton-Conley et al. 2004) . Localization results were analyzed with paired t tests to compare group postlingual participant RMS error scores. In addition, individual localization responses were calculated as the mean and SD of responses at each source speaker location. Ordinary least squares regression with correction of SEs for unequal variance between conditions was used to compare the slopes of the fitted lines. This method accounted for differences in variance as well as differences in slope. For the SSQ, a 2 (interval) × 3 (section) repeated-measures analysis of variance was used to analyze group results for the postlingual participants. Individual results were analyzed using the categorization system developed by Noble et al. (2009) .
RESULTS

Sound Field Thresholds
Figure 1 displays FM tone, sound field threshold levels from 0.25 to 6 kHz with the CI (filled squares and solid lines), as well as with the HA in the opposite ear for each participant (filled triangles and solid lines). Recall P1 to P3 and P7 to P10 had postlingual onset of SPHL in the poorer ear, whereas P4 to P6 had pre/perilingual onset of SPHL. The CI sound field threshold levels obtained at the 6 mo interval for the postlingual participants were near 20 dB HL across the frequency range. The CI sound field threshold levels for P5 and P6 were between 20 and 40 dB HL across the frequency range; P4 had thresholds between 42 and 52 dB HL at 3000 to 6000 Hz. Tolerance issues prevented the pre/ perilingual participants from obtaining the desired sound field thresholds of 20 to 30 dB HL at all frequencies. The CI provided better audibility for at least part of the frequency range for all participants compared with the HA in the opposite ear. 
Speech Recognition-Participants With Postlingual Onset of SPHL
Group mean speech recognition scores for the seven participants with postlingual onset of SPHL are shown in Figure 2 . Preimplant scores are shown on the left of each panel and scores at the 6 mo interval are shown on the right. For this figure as well as Figures 3 to 6 , the black bars represent group mean scores for the poorer ear. The white bar displays mean scores for the better ear alone with a HA. The gray bars (e.g., HINT and TIMIT) represent mean scores for the participants' everyday listening condition. Recall that, preimplant, the everyday listening condition was bilateral HAs for P1 and a single HA in the better ear for P2 to P10. Postimplant, the everyday listening condition was bimodal (HA + CI) for all participants. The mean scores for participants with postlingual onset of SPHL showed a substantial and significant improvement between the poorer-hearing ear preimplant and that same ear in the CI-alone condition at the 6 mo interval on all four test measures: CNC t(6) = −10.56, p ≤ 0.001; HINT in noise t(6) = −10.56; p ≤ 0.001; TIMIT in noise t(6) = −5.11, p ≤ 0.01; TIMIT in quiet t(6) = −5.99, p ≤ 0.001. For each test, the group mean and range of scores at the preimplant and postimplant intervals for the poorer ear are provided in Table 4 . The group mean pattern was true at the individual level as well; all postlingual participants had a significant increase in speech recognition postimplant on all four measures (p ≤ 0.05).
Comparisons between the preimplant and postimplant everyday listening conditions indicated significantly higher group mean scores postimplant for all three sentence tests (HINT in noise t(6) = −3.29; p ≤ 0.05; TIMIT in noise t(6) = −2.72, p ≤ 0.05; TIMIT in quiet t(6) = −5.27, p ≤ 0.01). Analysis of this comparison for individual participants indicated significantly higher scores in the postimplant bimodal condition than in the preimplant everyday listening condition for all participants with TIMIT sentences in quiet, for one participant (P2) with HINT sentences in noise, and for two participants (P2 and P3) with TIMIT sentences in noise (p ≤ 0.05).
At the 6 mo interval, the bimodal condition (gray bars) produced higher group mean scores than the HA-alone condition (white bars) for HINT and TIMIT sentences. However, the improvement was only significant for TIMIT sentences in quiet (50 dB SPL), t(6) = −2.98, p ≤ 0.05. Analysis of individual scores (bimodal compared with HA-alone) indicated significantly better bimodal performance for two participants (P2 and P3) on the TIMIT sentences in quiet and for one participant (P1) on TIMIT sentences in noise (p ≤ 0.05). Individual participants' scores indicated no significant difference between bimodal and HA-alone scores for HINT sentences in noise (p > 0.05). Ceiling effects with the HA alone were present for all except P9, so it is not surprising that no differences were measured between the two conditions for this test.
As noted in the Methods, the adaptive HINT sentence test was administered in the R-SPACE (available at the WUSM site but not the MEI site). Testing simulated listening in a restaurant environment, and the score obtained was the SNR at which the participant could repeat 50% of the sentences correctly (SNR-50; lower scores are better). Both pre-and postimplant results were obtained for the four participants with postlingual onset of SPHL who were followed at WUSM. The three postlingual MEI participants traveled to WUSM for a single postimplant test session at 6 mo. Figure 3 provides group mean results for the 6 mo interval for all seven participants in the panel on the left and individual results for the four for the four participants with pre-and postimplant scores indicate improvement for all four participants when comparing the poorer-ear alone preimplant and the CI-alone condition postimplant. Likewise, the postimplant bimodal results were better than the preimplant everyday results for all four participants. Fig. 3 . Group mean adaptive HINT scores in restaurant noise at the 6 mo interval for all postlingual participants are shown in the left panel. Individual participants' scores are shown in the right panel for the four participants who had both pre-and postimplant testing. Scores are expressed as SNR and are shown in black for the poorer-hearing ear that was implanted, in white for the better-hearing ear with a HA, and in gray for the participants' everyday listening condition (bimodal at the postimplant interval). HINT, hearing in noise test; SNR, signal to noise ratio; HA, hearing aid. Fig. 4 . Individual participants' speech recognition scores (CNC words, HINT sentences in noise, TIMIT sentences in noise, and TIMIT sentences in quiet) are shown for the three pre/perilingual participants preimplant, and at 6 and 12 mo postimplant. Scores are shown in black for the poorer-hearing ear that was implanted, in white for the better-hearing ear with a HA, and in gray for the participants' everyday listening condition (bimodal at the postimplant interval). HINT, hearing in noise test; CNC, consonant-vowel nucleus-consonant; HA, hearing aid.
Speech Recognition-Participants With Pre/Perilingual Onset of SPHL
Speech recognition scores (CNC words, HINT sentences in noise, TIMIT sentences in noise, and TIMIT sentences in quiet) are shown in Figure 4 for the three individual participants with pre/perilingual onset of SPHL at the preimplant, 6, and 12 mo intervals. For the poorer ear, P5 had a small but statistically significant improvement from preimplant to 6 mo postimplant for all four measures (p ≤ 0.05), whereas P4 and P6 showed little if any speech recognition either pre-or postimplant in the poorer ear. At the 12 mo interval, P5 had a small but nonsignificant increase for HINT sentences in noise compared with her score at 6 mo postimplant (p > 0.05). Scores on the other measures were stable. Participant 5 also demonstrated significant improvement in the everyday listening condition postimplant (bimodal) compared with preimplant for TIMIT sentences in noise and in quiet, as did P4 and P6 for TIMIT sentences in quiet (p ≤ 0.05). Figure 5 shows the SNR from the adaptive HINT sentence test in the R-SPACE for the three pre/perilingual participants. Results for P4 and P6 were obtained at the preimplant, 6, and 12 mo intervals and for P5 at the 6 mo interval. None of these participants were able to understand sentences in restaurant noise at the highest SNR (+22 dB) in the poorer ear at any tested interval. Participant 6 scored better in the everyday condition at 6 and 12 mo postimplant compared with preimplant. For P4, scores in the bimodal condition postimplant were poorer than those obtained in the everyday condition preimplant. Both P4 and P5 scored worse in the bimodal condition compared with the HA-alone condition at the postimplant intervals.
Better-Ear HA-Alone Over Time-All Participants
Performance in the better ear with a HA was not expected to change over time because all participants had stable hearing thresholds and most had considerable HA experience in the better ear. However, several participants demonstrated improvement in the postimplant HA-alone condition over time. For example, four postlingual participants had improvement on at least one measure from preimplant to 6 mo postimplant, and all three pre/perilingual participants improved on at least one measure from preimplant to the 12 mo interval. Figure 6 shows the mean 6 mo RMS error scores for postlingual participants on the left and individual RMS error scores for pre/perilingual participants on the right. For the postlingual participants, there was a significant improvement in the bimodal compared with the HA-alone condition; t(6) = 3.13, p ≤ 0.05. For the pre/perilingual participants, the RMS error for the bimodal condition was similar to or slightly lower than the HA-alone RMS error. In Figure 7 , the localization plots show the mean response and SD in degrees azimuth for each of the 10 active loudspeakers used to present the stimuli. The location of the stimulus is shown along the x axis and the response along the y axis. Perfect localization responses would be graphed as a diagonal line from the lower left-hand corner to the upper righthand corner. To aid in interpretation, all data are plotted as if the participant had the CI in the left ear and the HA in the right ear (i.e., the negative numbers reflect loudspeaker locations to the CI side and positive numbers reflect those to the HA side). The RMS error score is also indicated in the upper left-hand corner of each plot. Results of the ordinary least squares regression with correction of SEs for unequal variance indicated that the slope of the bimodal condition line was significantly different than the HA-alone condition line for five participants: P1, F(1, 294) = 97.6; P3, F(1,294) = 24.4; P8, F(1,294) = 59.7; P9, F(1,294) = 454.2; and P10, F(1,294) = 24.7; for all five, p ≤ 0.001. In other words, these five postlingually deafened participants demonstrated significantly improved localization in the bimodal compared with the HA-alone condition. Visual inspection of the results indicated that four of them (P1, P3, P8, P9) and to some extent P10 perceived sound as originating on the side of the device for either the HA-alone or the CI-alone conditions. The participants who did not have a significant dif-ference between HA-alone and bimodal localization performance fell into two basic patterns. Three participants (P2, P4, P5) were able to localize to some extent with the HA alone and this ability was similar to the bimodal condition. The other two participants (P6, P7) were unable to localize irrespective of the listening condition. Figure 8 shows ratings pre-and postimplant for each of the three sections of the SSQ: speech hearing, spatial hearing, and sound qualities. On the left are mean ratings for the participants with postlingual onset of SPHL, and on the right are the individual ratings for the three participants with pre/perilingual onset of SPHL. Values are shown with the diamond symbol for the Speech, the square symbol for the Spatial, and the triangle symbol for the Qualities sections. Results of a 2 (interval) × 3 (section) repeated-measures analysis of variance for postlingual participant group mean scores indicated a significant main effect for both interval, F(2,6) = 14.47, p ≤ 0.01, and section, F(2,12) = 5.05, p ≤ 0.05. Post hoc comparisons identified the Speech and Spatial sections as significantly different from the Qualities section (p ≤ 0.05). For individuals, rating changes between test intervals were classified according to Noble et al. as follows: ≤1 indicates "no change"; +1 to 2 indicates "benefit"; +2 to 4 "high benefit"; >+4 "very high benefit"; and >1 in the negative direction indicates "negative benefit" (Noble et al. 2009; Noble 2010) . All postlingual participants reported benefit from pre-to postimplant. All except P10 noted improvement on the Speech section (ranging from benefit to very high benefit). All except P1 noted improvement on the Spatial section (ranging from benefit to high benefit). Three participants reported improvement on the Qualities section (P2 and P8, benefit; P7, very high benefit).
Localization
Speech, Spatial, and Qualities of Hearing Scale
All three pre/perilingual participants reported benefit in spatial hearing over time. Participants 4 and 6 noted an improvement (benefit) between the preimplant and 12 mo intervals. Participant 5 reported improvement (high benefit) by the 6 mo interval. Participant 4 was the only participant who reported improvements on the Speech and Qualities sections (benefit) from preimplant to 12 mo.
DISCUSSION
Sound Detection
An important benefit from cochlear implantation is the ability to detect sound at soft and even very soft levels across the frequency range (0.25-6 kHz). Although detection does not ensure speech recognition, if a speech cue is not audible, it will not be understood. The ability to detect sound in the poorer ear was substantially improved for all participants with the CI. In addition, the CI provided better detection for part or all of the frequency range compared with the aided sound field thresholds of the better ear (Figure 1) . The three pre/perilingual participants had somewhat worse sound field thresholds compared with the postlingual participants. In particular, P5 and P6's thresholds were similar to the postlingual participants' thresholds through 1500 and 2000 Hz, respectively, but were elevated in the high frequencies. Participant 4's thresholds were elevated across the frequency range but were also worse in the high frequencies compared with the low-and midfrequency range. Clinically, individuals with pre/ perilingual onset of SPHL can have tolerance issues that may prevent obtaining sound field levels less than 30 dB HL across the frequency range.
Word and Sentence Recognition in Postlingual Participants
The participants with postlingual onset of SPHL showed substantial improvement in word and sentence recognition scores at the 6 mo postimplant test interval compared with preimplant scores for the ear that was implanted. It is not surprising that these seven participants demonstrated CI-alone speech recognition scores that are similar to the range of traditional postlingual CI recipients who have SPHL in both ears. These same participants showed better scores in the bimodal condition on sentence measures, both in quiet and in noise, compared with scores in their preimplant everyday listening condition (Figure 2) . The poorest postimplant HA-alone score for this group was for TIMIT sentences at a soft level (50 dB SPL) in quiet. The addition of a CI resulted in significant improvement over the HA-alone condition. This may be due in part to a summation effect but improved detection levels provided by the CI may also account for this enhancement. It is also notable that HA-alone performance for this group on the HINT sentences in noise, on average, was above 80%, limiting demonstration of a bimodal benefit. A ceiling effect was not present in the HA-alone condition for the more challenging TIMIT sentences in noise (mean score of 45%); therefore, a bimodal effect could be measured. Although the bimodal mean was 14 percentage points higher than the HA-alone mean, the difference did not reach statistical significance (p = 0.064). The HINT sentences presented adaptively in the R-SPACE did identify significant bimodal benefit over the HA-alone condition at the 6 mo interval. Fig. 8 . Average ratings for the three sections of the SSQ (Speech as diamonds, Spatial as squares, Quality as triangles) for postlingual participants are shown in the left panel. Individual results for pre/perilingual participants are shown in the right panel at preimplant and at 6 and 12 mo postimplant. SSQ, Speech, Spatial, and Qualities of Hearing Scale.
Word and Sentence Recognition in Pre/Perilingual Participants
In contrast with the postlingual participants, the participants with pre/perilinguistic onset of SPHL demonstrated little to no CI-alone speech recognition after 12 mo of CI use. Despite this, all three continue to use their CIs regularly. Only P5 showed some ability to recognize speech with audition alone in the implanted ear (e.g., 9% on CNC words, 29% on HINT sentences in noise, 5% on TIMIT sentences in quiet and in noise at 12 mo postimplant). Several reasons may account for the differences between this individual and the other two pre/perilingual participants. First, she had more hearing in the poorer ear than either P4 or P6; however, like P4 and P6, she never wore a HA in the poorer ear. Second, P5 had more hearing in the better ear as well as a later onset of hearing loss in that ear compared with P4 and P6. It is possible that her experience with a more intact auditory system was a factor in her improved CI performance. Third, she consistently wore the implant from the initial activation and was highly motivated to learn to hear through her implant. Participant 4 struggled initially as she adjusted to the new sound provided by the CI. This was partially because of her noisy daily environment, which included taking care of her three young children. Evidenced by her scores, the addition of the CI seemed to result in poorer speech recognition abilities compared with the HA-alone condition, particularly in noise. Patients with asymmetric hearing must alter their strategies for coping with difficult listening situations once a CI is received. For example, turning the better ear away from a competing noise before implantation would have reduced the noise to the onlyhearing ear; however, after implantation, unwanted/competing noise may be introduced regardless of head position. Participant 6 had relatively consistent device use as she learned to listen in the bimodal condition, but could not always use the CI and HA together for select work situations. For example, when talking on the phone with her better (HA) ear, the sounds she heard in the implanted ear were initially distracting; she had no prior experience ignoring other sounds while on the phone.
The reports from these three participants remind us that adapting to an implant is a process that takes time, experience, and practice, especially when there have been long periods of auditory deprivation in the ear being implanted. Participants 4 to 6 had between 23 and 25.5 years of deprivation in the implanted ear; P7 and P9 also had extended periods of deprivation (40 and 34 years, respectively) in the poorer ear; however, their onset of SPHL was postlingual. It is common that longer periods of time are required to maximize potential benefits of implantation for traditional CI recipients with pre/perilinguistic onset of SPHL compared with those with postlinguistic onset (Litovsky et al. 2004; Nava et al. 2009 ). These three participants had meaningful residual hearing in the nonimplanted ear, which distinguishes them from traditional CI recipients with bilateral pre/perilinguistic onset of SPHL. Additional longitudinal data are needed to determine whether outcomes will be different for patients with pre/perilinguistic onset of SPHL in only one ear versus SPHL in both ears. Another characteristic of participants 4 to 6 is that each had no HA experience in the ear to be implanted. (Again, P7 and P9 also did not use amplification in the poorer ear; however, the hearing loss was postlingual.) The lack of amplification in the poorer ear is likely because of the large asymmetry between ears from childhood. Clinically, it is more difficult to achieve a successful HA fitting in the poorer ear for individuals with large differences in hearing abilities between ears. Exploration is warranted as to whether benefits can be achieved for this population if there is no HA experience in the poorer ear, even when the other ear has more hearing and has been consistently amplified. Given the results of participants 4 to 6, a more earnest attempt should be made to evaluate amplification for the poorer ear during childhood, and if unsuccessful, to consider cochlear implantation.
Changes in Speech Recognition for the Better-Hearing Ear
There were several instances of improved scores with the better ear in the HA-alone condition postimplant compared with the preimplant test interval. For example, P5's scores improved on most measures. Other participants improved on one or two measures. In the case of P5, the improvements may be because of the additional HA experience in the better ear. This patient was first fit with a HA several weeks before her enrollment in the study. However, the other participants had worn a HA in the better ear for longer periods of time, and improvement in HA-alone scores was not expected postimplantation. These improvements are likely because of increased familiarity with the tasks and test environment. Another possibility, particularly for P2, P3, and P6 who demonstrated bimodal benefit, may be that experience, or in the case of P2 and P3, renewed experience with binaural processing (as a result of using the implant and the HA together), enhanced the abilities of the better ear via the HA. Whether binaural listening can improve single ear perception remains speculative but could be considered in a future longitudinal study with additional participants.
Effectiveness of Test Battery
The test measures selected for this study included materials and conditions that were designed to reflect real-life listening situations and were chosen to avoid floor and ceiling effects. Sentences that change in structure, are spoken by different male and female talkers, and use a variety of rates better reflect conversations that one might encounter throughout the day. Background noise that includes people talking or restaurant noise also simulates the listening environments patients report as most difficult in everyday experiences. Evaluation of speech recognition in simulated diffuse noise with multiple surrounding loudspeakers, as with the restaurant noise and R-SPACE, re-creates a familiar environment that CI recipients encounter during family and work gatherings. At the same time, the wide range of individual abilities makes it difficult to find measures that do not result in floor or ceiling effects for at least some patients. This is exacerbated for this study population, where there is wide discrepancy in ability between the two ears. For example, the HINT sentences in noise at a +8 SNR resulted in ceiling effects for the HA ear, which negated the ability to identify bimodal improvement. However, it was one measure for which perilingually deafened P5 was able to recognize speech using the CI alone, scoring higher on this measure than any of the others. Although adaptive procedures as used with the R-SPACE can avoid ceiling effects, floor effects were seen in the participants' poorer ears at both pre-and postimplant intervals. Protocols that include multiple measures of speech recognition, localization, and hearing handicap better capture the abilities of this patient population. To clinically monitor progress over time in the CI-alone condition, sentence materials that range in difficulty may be necessary (e.g., HINT sentences in quiet for patients with limited speech understanding and adaptive measures in noise for patients who perform near ceiling on easier tests in quiet).
Localization
Difficulty with localization and spatial hearing is a known result for individuals with unilateral hearing loss (Humes et al. 1980; Abel et al. 1982) . It is also a reported frustration of patients with asymmetric hearing loss between ears (Newman et al. 1997; . For the participants in the present study, the group mean results ( Figure 6 ) and individual results for five of the seven postlingually deafened participants (Figure 7 ) demonstrated significantly improved localization in the bimodal compared with the HA-alone condition. In the bimodal condition P1, P3, P8, and P9 were able to, in varying degrees of accuracy, estimate the sound source all along the loudspeaker array, whereas with either device alone, all stimuli were heard as originating from only the side of the device. Other studies have shown localization improvements in the bimodal condition versus either ear alone for some postlingual adults (Ching et al. 2004 (Ching et al. , 2007 Seeber et al. 2004; Dunn et al. 2005; Potts et al. 2009 ). For the most part, those study participants had less hearing in the HA ear than the participants in the present study. Both Seeber et al. (2004) and Dunn et al. (2005) reported individual results for their adult study participants (samples of 11 and 12, respectively), all of whom were postlingually deafened. The results of both studies were similar in that three participants localized fairly well and a similar number determined the side of presentation for stimuli presented from the far right or left. The participant with the best localization ability studied by Seeber et al. (2004) had the most residual hearing in the HA ear, with thresholds in the same range as the asymmetric participants in the present study.
Speech, Spatial, and Qualities of Hearing Scale
Of interest were the participants' subjective reports after cochlear implantation of the poorer ear. Significant improvement pre-to postimplant was observed for Spatial and Speech hearing with the postlingual participants and for Spatial hearing for all three pre/perilingual participants. On the whole, Qualities of hearing had the smallest change between preimplant and 6 mo postimplant intervals although four participants rated Qualities as improved. This may be partially because of the fact that Qualities was rated fairly high at the preimplant interval. None of the group mean ratings for the three sections worsened after implantation. Some individual participants did report negative benefit on individual questions. For example, P1 and P7 reported a less natural quality for some sounds. Participant 5 reported a need to concentrate more at times and difficulty ignoring other sounds when attending to one sound in particular. However, no participant had overall negative benefit for any of the three sections, and all participants had overall benefit (>+1) on at least one of the three sections. Even though there was considerable improvement postimplant, the average ratings remained far below the maximum rating of 10, a rating that indicates little to no disability perceived by the individual. Therefore, even with a HA and a CI combined, perceived communication difficulties persisted. This is consistent with a study by Donaldson et al. (2009) where CI participants, including those who used a HA on the contralateral ear, reported difficulties in adverse listening conditions.
CI Candidacy for Patients With Asymmetric Hearing Loss
Our study results indicate that even though the better-ear performance did not meet traditional CI candidacy criteria, the majority of participants benefited from a CI in the poorer ear. This supports consideration for cochlear implantation in the poorer ear of adults with one ear outside the traditional CI candidacy criteria, especially those with postlingual onset of hearing loss. Perhaps individual ear scores should be considered rather than only "best-aided" bilateral speech recognition scores for the speech recognition component of the CI evaluation process. In most cases of asymmetric hearing loss where one ear is in the SPHL range, a best-aided bilateral speech recognition score probably reflects the better-hearing ear. With the possible exception of P5, the better-hearing ear of the present study sample still demonstrated reduced speech understanding compared with adults with normal hearing, as noted by the reduced scores for CNC words, TIMIT sentences in quiet and in noise, and the adaptive HINT in the R-SPACE. Therefore, examination of each ear and treatment with the best sensory device available for an individual ear and patient may be prudent if the goal is optimal hearing in daily living. This is especially true given that we do not fully understand the critical time period for acquiring binaural processing and to what extent binaural abilities can be achieved in the presence of different audiometric profiles such as asymmetric hearing loss.
Patients with pre/perilingual onset of SPHL and no HA experience in the poorer ear present a more challenging clinical question. The limited benefit of speech recognition provided by the CI for the three participants with pre/perilingual deafness brings into question the advisability of cochlear implantation for patients with this profile. However, looking beyond speech recognition scores to measures that reflect daily communication demonstrates that cochlear implantation can be beneficial to this population. All three of these participants consistently use their CIs and reported improvements in everyday listening on the SSQ. Participants 5 and 6 noted benefit and high benefit, respectively, for Spatial hearing, and P4 reported benefit or high benefit on all three sections of the SSQ. The reports of benefit in everyday life are consistent with the participants' willingness to wear the CI daily.
Preimplant counseling and appropriate expectations are key components for successful implantation of all prospective CI recipients. However, if implantation of a congenitally deaf ear that has not received stimulation is considered, counseling and expectations are critical in the decision making and potential outcome. All three of the pre/perilingual participants in this study had been counseled extensively and were motivated. The preliminary results from this study are encouraging but also indicate that further investigation is warranted. Additional participants followed over a longer period of time will improve clarity of expected outcomes and factors that affect variability in this patient population.
